A 2015, 'Linkages between tropical Pacific seasonal, interannual, and orbital variability during the Holocene', Nature Geoscience, The response of the El Niño/ Southern Oscillation (ENSO) to external forcing is a central 25 issue in climate science. It is unclear how ENSO responds to natural forcing, particularly 26 orbitally-induced changes in the amplitude of the seasonal cycle. Here we reconstruct sea-27 sonal and interannual variability using a network of high-resolution marine records from 28 the tropical Pacific Ocean spanning discrete intervals of the Holocene. We then compare 29 our reconstructed ENSO activity to that simulated by nine climate models. The records 30 display several intervals of reduced ENSO variance, notably a 2/3 reduction between 5,000 31 and 3,000 years ago. The reconstructed changes are not in phase with equatorial insolation, 32 nor is their amplitude or timing accurately captured by the models. Moreover, the models 33 do not predict the mid-Holocene increase in seasonality evident in the observations. While 34 the simulations suggest an inverse relationship between the amplitude of the seasonal cycle 35 and ENSO-related variance in sea surface temperatures, the observations do not. We there-36 fore conclude that tropical Pacific climate is highly variable and subject to millennial-scale 37 quiescent periods. Such periods harbor a complex link, if any, to orbital forcing, and are 38 inadequately simulated by the current generation of climate models, highlighting a major 39 gap in our understanding of a climate system of global importance. 40 ENSO, the oscillatory instability of the tropical Pacific ocean-atmosphere system, is the 41 leading pattern of global interannual variability, with important physical, ecological, and human 42 2 impacts 1 . Yet, predicting its long-term behavior in the face of continued anthropogenic forcing 43 has proven elusive 2 . While the predictive skill of climate models at interannual timescales can be 44 tested using instrumental observations, such records are too short to evaluate the fidelity of model-45 simulated tropical Pacific variability on adaptation-relevant timescales. This motivates the use 46 of paleoclimate observations, which cover a much longer time span and predate the instrumental 47 observations used to develop and tune climate models, hence providing an out-of-sample test of 48 their predictive ability 3 . 49 The mid-Holocene (MH, ca 6,500 yrs before present; 6.5 kyBP) represents a key target for 50 evaluating the simulated response of ENSO to external forcing. While ice volume and greenhouse 51 gas concentrations were essentially similar to today, the latitudinal and seasonal distribution of 52 incoming solar radiation (insolation) was markedly different as a result of precession 4 : seasonal 53 contrast was amplified in the northern hemisphere and reduced in the southern hemisphere. Thus, 54 the mid-Holocene provides an opportunity to explore the link between changes in the seasonal 55 cycle, meridional asymmetry in the equatorial zone, and ENSO behavior. Several circum-Pacific 56 paleoclimate records have been interpreted as implying a marked reduction in ENSO activity dur-57
broad and positively skewed, while those of AC amplitude are narrow and symmetric (Figure 2 , 142 colored curves). ENSO variance ratios are clustered around unity in the piControl experiments, 143 and fall below unity in most of the midHolocene experiments. The midHolocene reduction is small 144 and, given the width of the distributions, only marginally significant at the 5% level. Nonetheless, 145 it is qualitatively consistent with results from an intermediate complexity model 8 as well as many 146 other GCM simulations 9-13 , all of which show reduced ENSO variability during the mid-Holocene 147 compared to the pre-industrial climate. 148 While the synthesis of existing paleo-ENSO data present a heterogeneous picture of ENSO 149 variability through both space and time, there is evidence for a sustained reduction in ENSO vari-150 ability from 3-5 kyBP. This is especially true in the CP, where a deep reduction (64%) is accompa-151 nied by a relatively narrow 95% confidence interval (CI) of [28%, 84%] ( Table 1) . Reductions of 152 similar magnitude are observed during the MH (5.5-7.5 kyBP) (66% in the center, 50% in the West, 153 33% in the East), albeit with CIs so wide that they cannot exclude increases in ENSO variance (Ta-154 ble 1). Thus, a salient feature of this dataset is a robust, approximately two-thirds reduction in 155 CP interannual variance, which appears to have persisted throughout much of the 3-5 kyBP in-156 terval. This persistent reduction bears little resemblance to the model simulations of reduced MH 157 ENSO 4, 8 followed by a gradual intensification to the present 13 , and happened at a time when boreal 158 summer/winter precessional forcing was weaker than during the MH (Supplementary Figure S9 ).
159
Can PMIP3 GCMs simulate the magnitude of such reductions, and if so, under which con- ditions? We answer this question by computing the probability of observing ENSO variance re-161 ductions of at least 64% on 50-year segments (Table 2) . These probabilities are extremely low boundary conditions (probabilities ranging from 3 to 15%), though most (7 out of 9) of the models 164 show an increased probability of ENSO reduction. Thus, while orbital forcing characteristic of 165 the MH tends to drive simulated changes in ENSO variance in the right direction, the amplitude 166 of simulated changes is too modest, and the response is not consistent among models. It is even 167 harder to explain the larger, more sustained reductions that may have prevailed during the 3-5 kyBP 168 period, but the short length of the simulations ( Supplementary Table S2 ) precludes an assessment 169 of this question.
170
The models all show a reduction in the median amplitude of the AC in the midHolocene 171 simulations, for all three regions. The reduction is between 10% to 50% (depending on the model) 172 but is relatively uniform across the basin (Figure 2 , right). This uniformity contrasts strongly with 173 the observed changes in the 7.5-5.5 kyBP window, where AC amplitude is decreased in the western 174 Pacific but increased in the CP. However, the reduction in AC amplitude in the western Pacific is 175 ⇠ 50% larger than in the simulations.
176
Links between ENSO and the seasonal cycle amplitude 177 We investigate the link between changes in ENSO variance and in AC amplitude by plotting the 178 fossil to modern ratio of ENSO-band variance against the same ratio of AC amplitude, in both tainty to make an orthogonal regression possible (Extended Methods). The simulated relationship Figure S26 ). If our interpretation of the data is correct, the 188 mismatch between the observed and simulated relationship between ENSO variance and AC ampli-189 tude has important dynamical implications. The frequency entrainment hypothesis 15, 20 states that 190 a self-exciting oscillator will give up its independent mode of oscillation and acquire the frequency 191 of the applied forcing (in this case, the AC in insolation). It has long been invoked to explain the 192 inverse relationship between ENSO and the AC in coupled GCMs 12, 13, 17, 18 . Our results confirm 193 that this link is strong in PMIP3 models, but suggest that it is opposite to that found in observations 194 over the Holocene. 195 In comparing the ENSO-AC relationship across models and data, it is important to note the While precessional and greenhouse gas forcing are fundamentally different in character, our 241 work demonstrates the ability of high-resolution palaeoclimate records to provide fundamental 242 constraints on tropical climate dynamics, as represented in models used to project twenty-first 243 century climate trends. In that context, the fact that ENSO seemed relatively impervious to a large 244 external forcing suggests that processes internal to the climate system could dominate external 245 influences. Understanding internal processes of low-frequency ENSO modulation, and the extent 246 to which they are captured by climate models, is therefore of utmost importance to improving 247 climate projections.
248

Extended Methods
249
Observational synthesis. We compiled isotopic records obtained on coral or mollusks from 65 250 sites in the Pacific (Table S1 ). The majority of the records have been published 5, 6, 24-26, 28-37 , but 251 some are published for the first time here (Supplementary Information). Most of the individual 252 records are comparatively short (50 years or less, Supplementary Figure 1) . The records sample 253 2162 years out of the past 10,000 years ( Supplementary Figure 1, Supplementary Table 1 ).
254
For analytical purposes, we group the individual sites into three separate regions: Supplementary Figures S8-S9) . 593 18 O values were regressed onto NINO3.4 SST to highlight relationships to ENSO. The 594 three equatorial study regions (West, Center & East) are delineated by boxes. Note that 595 refs. 11,12,15,16,18-21 
